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ABSTRACT 
The exposure of critical infrastructure to natural hazards was proven to have severe consequences on world economies 
and societies. Therefore, resilience assessment of an infrastructure asset to extreme events and sequences of diverse 
hazards is of paramount importance for maintaining their functionality. However, the resilience assessment commonly 
assumes single hazards and one restoration strategy. In addition, owners and operators have different approaches for 
restoring their assets, depending on different factors, such as the available resources and their priorities, the importance 
of the asset and the level of damage. Yet, currently no integrated framework that accounts for the different strategies of 
restoration, and hence quantification of resilience in that respect exists.  
This paper proposes an integrated framework for the quantitative risk and resilience assessment of critical infrastructure, 
subjected to multiple natural hazards, considering the factors that reflect redundancy and resourcefulness in infrastructure, 
i.e., (i) the robustness to hazard actions, based on realistic fragility curves, and (ii) the rapidity of the recovery after the
occurrence of damages, based on realistic restoration functions. Lastly, the paper includes an application of the proposed
framework for a typical highway bridge for realistic multiple hazard scenarios and restoration strategies using a well-
informed resilience index.
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INTRODUCTION 
The exposure of critical infrastructure to natural hazards such as floods, earthquakes, tsunami, hurricanes or 
landslides was proven to have severe consequences on world economies and societies. For example, the heavy 
2007 rainfall in the UK affected the road network, with the cost estimated at £60m, while during the 2009 
floods in Cumbria, UK, at least 20 bridges were destroyed or damaged, causing one fatality, £34m of 
restoration costs and large societal impact (Cumbria County Council, 2010). Among the critical threats to 
infrastructure around the world, scour is recognised as the most common cause of bridge failure (Kirby et al, 
2015). The direct and indirect economic losses due to landslides affecting road networks are of similar impact 
(Winter et al, 2016). These effects may be exacerbated due to climate change that causes more frequent and 
intense extreme weather and climatic events (Stern et al, 2013; Pant et al, 2018). Furthermore, infrastructure 
assets are exposed to multiple hazards and/or cascading effects, such as flood series over time, flood-
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earthquake, earthquake-tsunami, or earthquake-aftershock events. A well-known example of the importance 
of multiple hazard effects is the 2011 Tohoku, Japan earthquake and resulting tsunami. During this extreme 
event, the country's rail network was strongly affected, in total 23 stations were washed away, tracks and bridge 
piers were either eroded or buried, passenger and freight trains were derailed (Krausmann & Cruz, 2013). 
Hazard interactions and cascading effects can be classified differently, while modelling of multiple hazards is 
a relatively new research area (Gill & Malamud 2014; Zaghi et al, 2016; Liu et al, 2016; Bruneau et al, 2017).   
 
Therefore, infrastructure owners and operators are increasingly faced with the challenge of delivering resilient 
infrastructure and mitigating the effects of multiple hazards and climate change effects. In particular, resilience 
describes the emergent property or attributes that infrastructure has, which allows them to withstand, respond 
and/or adapt to a vast range of disruptive events, by maintaining and/or enhancing their functionality (Woods, 
2015). The term is used widely over many different fields of study, but quantitative metrics of the resilience 
of socio-technical systems are not well established and standards and processes are still emerging (Lloyd’s 
Register Foundation, 2015).  The shift to a resilience-based management should include specific methods to 
define and measure resilience, new modelling and simulation techniques for highly complex systems, 
development of resilience engineering and approaches for communication with stakeholders (Linkov et al. 
2014). In this context, resilience-based assessment and management are the new philosophies that are gradually 
being adopted in practical applications of critical infrastructure and are expected to be incorporated in the next 
generation of provisions and design guidelines, e.g. see REDi system by Almufti & Willford (2013). Different 
frameworks and assessment tools have been proposed in the literature to assess resilience in community, e.g. 
Bruneau et al. (2003), Cimellaro et al. (2010), Franchin (2018) infrastructure network, e.g. Hughes & Healy 
(2014), Chan & Schofer (2015), Kiel et al. (2016), for transport systems, or asset level, e.g. Bocchini & 
Frangopol (2010), Dong & Frangopol (2015), for bridges. The above frameworks commonly consider the 
principles of resilience as per Bruneau et al. (2003), i.e. the robustness, which describes the inherent strength 
or resistance in a system to withstand external demands, e.g. hazard actions, without degradation or loss of 
functionality, the redundancy, reflecting system properties that allow for alternate options, choices, and 
substitutions under stress, the resourcefulness, expressing the capacity to mobilise needed resources and 
services in emergencies, and the rapidity, which defines the speed with which disruption can be overcome.  
 
The robustness to hazard actions is usually quantified through fragility functions, which give the probability 
of the asset exceeding defined limit states, e.g. serviceability and ultimate, for a given hazard intensity, e.g. 
peak ground acceleration for earthquakes, water discharge or scour depth for floods or ground displacement 
for liquefaction and landslides. Fragility functions can be derived from empirical, analytical, expert elicitation 
and hybrid approaches. An overview of the available fragility functions for bridges subjected to earthquakes 
and other hazards is given by Tsionis & Fardis (2014), Billah & Alam (2015), Gidaris et al. (2017) and 
Stefanidou & Kappos (2018), while fragility functions for other transport assets are summarised by Argyroudis 
& Kaynia (2014). Despite the increase of research efforts on the vulnerability of transport infrastructure against 
natural hazards, there is still a lack of systematic vulnerability assessment against multiple hazards, considering 
also the effects of deterioration, e.g. ageing, and mitigation measures, e.g. retrofitting, in the fragility response. 
 
The rapidity of the recovery after a disruption due to a hazard event is expressed through restoration functions 
for the infrastructure assets. The available restoration models correlate the recovery time with the functionality 
reached for a given damage level (e.g. Gidaris et al, 2017 for bridges). They are typically based on expert 
judgments, following a linear, e.g. Bocchini et al. (2012), stepwise, e.g. Padgett & DesRoches (2007) or 
lognormal/stochastic, e.g. HAZUS-MH (2011) formulation. The development of reliable restoration models is 
a challenge, because the recovery time depends on the available resources and practices of the owner, the type 
of the hazard and the extent of damage. Furthermore, the functionality and restoration time of assets with 
multiple components, e.g. bridges, is dependent on the damage of the sub-components, e.g. bearings, piers, 
deck, abutments, foundation. This includes different restoration tasks and uncertainties and, therefore, a 
probabilistic approach is more appropriate. The restoration times for the different tasks and bridge components 
can vary considerably, while a range of values or a mean value and a standard deviation can describe the 
expected recovery time (Bradley et al, 2010; Karamlou & Bocchini, 2017). The available restoration models 
for bridges are mainly for earthquake hazard, while little information for other hazards is provided, e.g. by 
HAZUS-MH (2011) for bridges exposed to tsunami. 
 
The available resilience assessment frameworks for infrastructure assets have been mainly developed for one 
asset, e.g. bridges, exposed to one hazard, with the majority of papers being on earthquakes. Hence, reliable 
assessment of the vulnerability, the associated risks and the restoration time of critical infrastructure subjected 
to combinations of hazards, are urgent needs of paramount importance, to enable safety, significant cost 
savings, and efficient allocation of resources toward resilient infrastructure. This gave the motivation for this 
paper, which delivers a risk and resilience assessment framework for critical infrastructure exposed to single 
or multiple hazards i.e., earthquakes, hydraulic actions and ground subsidence, accounting for the sequence of 
events and parametrized restorations curves. This framework considers the factors that reflect redundancy and 
resourcefulness in infrastructure, i.e., (i) the robustness to hazard actions, based on realistic fragility curves, 
and (ii) the rapidity of the recovery after the occurrence of minor, moderate or major damages, based on 
realistic restoration functions, enabling adjustments to the time of initiation and the type of the restoration 
actions, and the sequence of hazards. The paper concludes with an application of the framework to a typical 
highway bridge, considering realistic hazard scenarios. Resilience assessment is based on a well-informed 
resilience index, which is a function of the time-variant functionality of the infrastructure over the restoration 
time for these scenarios. This paper aims at enhancing the academic knowledge and informing owners and 
operators for resilience-based decision-making process considering sequence of hazards, the type and extent 
of damage, and the time of restoration measure commencement. 
 
RESILIENCE FRAMEWORK FOR INFRASTRUCTURE EXPOSED TO MULTIPLE HAZARDS 
 
This section described the resilience framework for infrastructure exposed to multiple hazards. It is recognised 
that due to the diversity of transport infrastructure assets, e.g. bridges for this particular paper, and the diversity 
of hazards and combinations, it will only be realistic if a number of critical scenarios are described. In this 
context, the following framework is sourced on the basis of bridges exposed to multiple hazards, yet, effort 
was given for the framework to be holistic and representative to other infrastructure. Multiple hazards are 
categorised into the three following categories. In this paper, two hazards (Haz-1 and Haz-2) are considered 
and for these hazards realistic scenarios are described. 
 
(1) Uncorrelated hazards of different nature, including for example floods caused by different weather 
phenomena, flood preceding an earthquake or the opposite. The time between the occurrence of the two 
hazards, their sequence and their intensities can vary considerably. Therefore, depending on the loss of 
functionality, which defines the residual capacity of the infrastructure asset, the restoration can commence 
immediately after Haz-1, e.g. a flood, and can be completed before the initiation of the second hazard, e.g. 
earthquake (Figure 1, left), or the functionality loss due to Haz-1 is not recovered, e.g. the owner does not 
action on the loss, until the occurrence of Haz-2, after which the restoration commences (Figure 1, right). Due 
to the different nature of the hazards, restoration of the damage due to Haz-1, e.g. hydraulic actions, is not 
necessarily expected to improve the performance against the second hazard, e.g. earthquake. This is a key 
factor for the resilience-based management for uncorrelated hazards and will influence decisions both for 
retrofit and restoration, either before or after the hazard incident. Figure 1 (left) represents the expected and 
desirable strategy of the owner. However, Figure 1 (right), is also said to be realistic scenarios, on the basis of 
limited resources and, hence, reduced or no reactivity and/or proactivity.  
 
Figure 1. Restoration strategies for a sequence of uncorrelated hazards with damage restoration after the 
occurrence of the first hazard (left) or with partial (dashed line) or no (continuous line) damage restoration 
after Haz-1 (right). 
 
(2) Correlated or cascading hazards, where the secondary hazard (Haz-2) is triggered by the primary hazard 
(Haz-1), including for example, liquefaction, landslide and tsunami triggered by earthquakes, or flood, 
landslides, extreme wind and debris flow triggered by a hurricane.  In this case, the two hazards are concurrent 
(Figure 2, right) or successive within a short period of time (Figure 2, left). Therefore, the loss of functionality 
due to Haz-1 (solid vertical line in Figure 2), further drops due to Haz-2 (dashed line in Figure 2) at the same 
time and without any damage restoration after the occurrence of Haz-1. For example, restoration strategies for 
a bridge constructed in mountainous environment of an earthquake prone area should predict the occurrence 
of the cascading landslide triggered by the ground motion.  A second example is the case of bridge loss of 
functionality due to strong winds during a hurricane, followed by an extensive flood in a short period of time. 
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Figure 2. Cascading hazards, where the second (Haz-2) is triggered by the first hazard (Haz-1) within a short 
period of time and the restoration commences after the completion of the multiple hazard sequence. 
 
(3) Correlated or uncorrelated hazards of the same nature that may have cumulative effects on the 
structure, e.g. main-shock and aftershocks, or minor hazard effects occurring before a major stressor. For 
example, scour holes might be forming at bridge foundations throughout the life of the bridge, of minor or 
moderate extent (Haz-1.1 and Haz-1.2), and then followed by an extensive flood (Haz-1.3) that causes 
extensive scouring, debris accumulation and hydraulic forces on the structure. The restoration strategy might 
consider a retrofitting before (dashed line) or after (solid line) the major event as shown in Figure 3 (left). The 
second case described by Figure 3 (right) is the scenario where the major effect occurs first, and then 
aftershocks take place in a short or longer period of time after the mainshock, leading to additional loss of 
functionality. The restoration commencement is strongly dependent on a number of factors including the extent 
of damage and importance of the asset, and maybe influenced by the unpredictable recurrence time. 
 
Figure 3. Realistic restoration strategies for correlated or uncorrelated hazards of the same nature including 
sequence of minor damage(s) before the major hazard effect (left) and sequence of a major hazard followed 
by aftershock(s) of lower intensity (right). 
 
The following ad-hoc framework is formulated for evaluating losses and resilience of critical infrastructure 
under multiple hazard scenarios. This framework considers the factors that reflect redundancy and 
resourcefulness, i.e., (i) the robustness to hazard actions for well-defined critical infrastructure, based on 
realistic fragility curves, and (ii) the rapidity of the recovery after the occurrence of the minor, moderate, major 
or complete damage, based on realistic restoration functions for the infrastructure assets. The above framework 
was made adaptive to facilitate timely and cost-efficient management for allocating the resources reasonably 
and enabling adjustments to the initiation and the type of restoration, the later depending on the hazard(s). This 
was reflected on the restoration functions, according to the stakeholder requirements and the loss of 
functionality after single or multiple hazard scenarios. This adaptive approach, accounts for the fact that 
mitigation measures are not always efficient across different hazards. Furthermore, this approach takes into 
account the sequence of hazards, and its corresponding impact on the restoration models, taking into account 
explicitly the time of initiation of the restoration for each hazard considered. 
 
In this paper, the resilience assessment for the infrastructure will be based on a resilience index for the multiple 
hazard scenarios as described in Figure 4, where the resilience index R shown in the equation below, is a 
function of the time-variant functionality of the infrastructure asset over the restoration time. 
𝑅 = 1𝑡%& − 𝑡(& ) 𝑄(𝑡)𝑑𝑡./0.10  
where i, is the number of the hazard. 
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Figure 4. Resilience assessment framework for single and multiple hazards. 
 
CASE STUDY ON A HIGHWAY BRIDGE EXPOSED TO SINGLE AND MULTIPLE HAZARDS 
 
The framework described in the previous section is applied on a three span pre-stressed concrete bridge 
exposed to flood, earthquake and a sequence of flood and earthquake excitations (Figure 5). The bridge has a 
total length of 101.5m and is fully integral, i.e. has no expansion joints or bearings. It has three equal spans of 
33.5m, two piers and two full-height integral abutments. The deck is a box girder and has total width of 13.5m. 
The height of the abutments is 8.0m, the footing has thickness of 1.0m and is 5.5m long. The piers are wall-
type sections with dimensions 1.0x4.5m in the longitudinal and transversal direction respectively and a height 
of 10.0m. The shallow foundation footing has thickness of 1.5m and 3.5m long. The foundation soil is very 
stiff clay, classified as ground type B, according to Eurocode 8-Part 1, while the backfill material is a well-
compacted sand. For this study, the resilience of the bridge was analysed when exposed to: i) flood only, i.e. 
scour of the pier on the right, (ii) only seismic shaking only, and (iii) flood followed by earthquake excitation, 
which are uncorrelated hazards different in nature.  
 
Fragility functions for single and multiple hazards 
 
The seismic vulnerability of the bridge has been studied by Argyroudis et al. (2018) based on 2D coupled non-
linear dynamic analysis of a numerical model that contained the bridge, the two backfills and the foundation 
soil. The bridge is a high capacity frame structure, and hence, was found to have low vulnerability to seismic 
shaking. Thus, collapse of the bridge has very low probability and may progressively occur for high levels of 
seismic intensity. No damage or minor damage is expected on the piers and the prestressed deck, while more 
significant damage is expected to be of geotechnical nature and is concentrated on the backfill-abutment-
wingwalls system. Potential failure modes, due to ground shaking, include settlement of the backfill soil, 
permanent dislocations of the bridge and its foundations and hence, residual stresses within the abutment, the 
piers and the deck, formation of the bump-at-the-end-of-the-bridge, cracking of the approach slab, excessive 
soil pressures causing cracking of the abutment, approach slab and wingwalls (Elgamal et al, 2008; Murphy 
et al, 2018). 
 
The flood and local scour effects on the foundation of the bridge has been studied with numerical modelling 
and combined later with seismic effects as described in Argyroudis et al. (2019). Initially, dry conditions were 
considered for the soil, and then the water table level was gradually raised to 3.0m above the ground surface 
to simulate flooding conditions. Flooding was accounted for by modifying the properties of the saturated soil 
layers, while a calibration procedure was followed to account for the dependency of stiffness and damping of 
the foundation soil on its primary shear strain level during the earthquake. A progressing scour depth at the 
foundation of the pier was analysed corresponding to 1.0Df, 1.5Df and 2.0Df, where Df= 2.5m is the foundation 
depth. Five real acceleration time histories from earthquakes recorded on rock or very stiff soil were selected 
as outcrop motion, scaled to different intensity levels for the dynamic analyses. The seismic excitations were 
induced separately for each scour depth to simulate the combination of the two hazards. The structural damage 
was defined based on the exceedance of the cracking and yielding moments for critical sections of the deck, 
pier and abutment. The geotechnical damage was defined based on the maximum permanent ground 
deformation of the backfill behind the abutment and the foundation of the pier. The fragility of the entire bridge 
was then extracted assuming a series connection between components (Stefanidou & Kappos, 2017), 
considering the associated uncertainties. 
 
The parameters of the lognormal fragility functions, i.e. median intensity measure (IM) and lognormal standard 
deviation, for the different damage states are shown in Table 1, in terms of scour depth (Sc) for flood (FL) and 
PGA for earthquake (EQ) hazard. The fragility parameters for flood only are largely based on limited numerical 
analysis and also contain engineering judgement, to cover the particular needs of this paper. 
 
Table 1. Fragility function parameters for flood (FL), earthquake (EQ) and their combination (FL+EQ). 
Hazard à FL EQ FL+EQ (Sc=1.0Df) 
FL+EQ 
(Sc=1.5Df) 
FL+EQ 
(Sc=2.0Df) 
Damage State Median Sc [m] Median PGA [g] 
Minor 2.00 0.32 0.09 0.07 0.01 
Moderate 3.50 0.60 0.58 0.16 0.02 
Extensive 5.00 1.10 1.05 0.30 0.03 
Complete 6.50 1.60 1.56 0.40 0.06 
Lognormal 
standard deviation 0.80 0.70 0.70 0.70 0.70 
 
 
Figure 5. The case study on a highway bridge 
 
Restoration functions for single and multiple hazards 
 
Reliable restoration models can only be developed based on real asset performances, validated recorded data 
and evidence and input from experts, e.g. elicitation approaches with participation from owners, stakeholders, 
and engineers. Secondarily, the availability of materials and resources, labour preparedness, and administration 
reaction to catastrophes, influence the restoration. For this paper, the repair time for each hazard and damage 
state has been defined based on engineering judgement considering realistic construction practices and 
uncertainties. The selection of the restoration time was made on the basis of the bridge typology and geometry, 
as well as the failure modes considered in the fragility analysis. A detailed presentation of the failure modes 
and restoration tasks for each damage state is shown in Figures 6 and 7, for flood and earthquake. The common 
restoration tasks include engineering, administration and structural health monitoring tasks, while the 
restoration works are differentiated into structural and geotechnical. The relatively short restoration time for 
complete damage due to seismic shaking only, is related to the low vulnerability of the specific bridge type -
integral and robust, whilst the expected damage is mainly of geotechnical nature and is concentrated on the 
backfill-abutment-wingwalls system, which is easily restored. The restoration times for the single and the 
combined hazards are summarized in Table 2, where a mean and standard deviation are provided assuming 
that the restoration functions follow a normal distribution. An idle time is also considered, corresponding to 
the time from the occurrence of the event to the commencement of the restoration works.  
 
For the combined hazards, the restoration time is defined assuming that the restoration commences after the 
occurrence of the second hazard, i.e. earthquake, without having taken any restoration measures after the 
occurrence of minor or moderate damage due to the first hazard, i.e. flood, as per Figure 1 (right). A pragmatic 
approach for the restoration models should consider that a significant damage will be dealt with by the owner, 
and hence, it was considered to be unrealistic to have a bridge extensively or completely damaged after a flood 
(Haz-1), without any measures being taken prior to earthquake (Haz-2). Thus, Figure 1 (left) is more likely to 
illustrate the case where Haz-1, i.e. flood, causes extensive or complete damage, in which case the asset will 
be restored partially or fully. In this case, a reasonable approach is to reconstruct the fragility functions of the 
restored bridge for the second hazard, i.e. earthquake, as the asset is now expected to respond differently from 
the initial pre-flood undisturbed asset. For the purpose of this research, it was considered that the restored 
bridge has the same performance and resilience as the undisturbed bridge (see examples in Table 2), an 
assumption that is subject to further research. Also, the resilience curves assume that the functionality of the 
bridge is only affected by the portion of the functionality has been lost and not by the nature of the hazard. 
Thus, for example, a 20% loss of functionality due to flood followed by a 10% loss of functionality due to an 
earthquake, means a total loss of functionality of 30%. Nevertheless, the restoration times are differentiated 
based on the nature of the hazards. 
 
 
Figure 6. Damage states and restoration tasks for local scour effects on bridge pier shallow foundation. 
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Figure 7. Damage states and restoration tasks for seismic effects on a bridge with shallow foundations. 
 
Table 2. Parameters of the restoration functions for flood (FL), earthquake (EQ) and combined (FL+EQ) 
hazards. 
Hazard: FL EQ 
Damage state 
Mean 
restoration 
time 
[days] 
Standard 
deviation 
[days] 
Idle time 
[days] 
Mean 
restoration 
time 
[days] 
Standard 
deviation 
[days] 
Idle time 
[days] 
Minor 7 1.4 3.5 2 0.4 1.0 
Moderate 15 3.0 6.8 7 1.4 3.2 
Extensive 30 6.0 12.0 14 2.8 5.6 
Complete 360 72.0 126.0 45 9.0 15.8 
 
Hazard: FL+EQ 
Scour Damage state (EQ) 
Mean 
restoration 
time [days] 
Standard 
deviation 
[days] 
Idle time 
[days] 
Minor 
Sc = 1.0 Df 
Minor 9 1.8 4.5 
Moderate 14 2.8 6.7 
Extensive 21 4.2 9.1 
Complete 52 10.4 19.3 
Moderate 
Sc = 1.5 Df  
Minor 17 3.4 7.8 
Moderate 22 4.4 9.9 
Extensive 29 5.8 12.4 
Complete 60 12 22.5 
Extensive 
Sc = 2.0 Df 
Minor 32 6.4 13 
Moderate 37 7.4 15.2 
Extensive 44 8.8 17.6 
Complete 75 15 27.8 
Complete Minor / Moderate / Extensive / Complete 360 60 126 
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ENG: emergency inspection; site investigation and assessment; preliminary design; detailed 
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ENG: engineering; ADM: administrative; 
STR: structural; GEO: geotechnical
Resilience modelling and resilience indices 
 
This section contains the results of the analyses performed to the case study previously illustrated, with the 
aim to highlight the impact of consecutive hazards, i.e. flood and earthquake events, on the final bridge 
resilience index. For this example and for all the cases presented herein, it was assumed that flood hazard 
occurs first (Haz-1) and earthquake second (Haz-2). On this basis, earthquake can happen prior or subsequently 
to the end of the recovery process following a flood. In the first and simplest case, the seismic event occurs 
after the total recovery of the bridge. In the second case, the earthquake occurs during the bridge recovery 
process. This second situation is more complex than the first, since the effect on the total bridge recovery is 
strongly influenced by the temporal occurrence of the seismic events. All cases are investigated by assuming 
three different scour levels, 1.0 Df, 1.5 Df, and 2.0 Df and five levels of peak ground acceleration (PGA), 0.2g, 
0.4g, 0.8g, 1.2g and 1.6g. The bridge resilience curves have been computed according to Hazus-MH (2011) 
approach as a mean recovery weighted on each damage state probability. Figure 8 shows results of the first 
situation in which different seismic scenarios of different magnitude are considered to occur after the complete 
bridge recovery from Haz-1. In all cases - namely 1.0 Df, 1.5 Df and 2.0 Df - the time needed for recovering 
from flood is significantly higher than this needed for the full restoration for each PGA level as reflected in 
the restoration tasks of Figures 6 and 7 and the restoration time described in Table 2. However, the loss of 
functionality due to Haz-1 is limited when compared to the one caused by the higher PGA levels. In general, 
the resilience of the bridge decreases with the increasing on the scour and PGA levels.  
 
 
Figure 8.  Resilience curves for the case Haz-2 occurs after the total recovery from Haz-1: a) Sc = 1.0 Df, b) 
Sc = 1.5 Df, and c) Sc = 2.0 Df. 
 
The most complex case is when Haz-2 occurs when the recovery from the previous calamitous event is still 
ongoing. In this case, the effects of Haz-2 during the bridge restoration process strictly depends on the time of 
occurrence. For the case study presented herein, five different specific times have been selected, corresponding 
on the instant in which the recovery process has reached the 1% of recovered functionality, 25%, 50%, 75% 
and 99%. The first condition represents the worst case in which there is the immediate succession of Haz-1 
and Haz-2, while the last situation represents the case in which Haz-2 occurs slightly before the total recovery 
from Haz-1. The other three conditions (25%, 50% and 75%) represent intermediate cases during the recovery 
process. Regarding the parameters of both fragility and restoration functions, they have been assumed 
recovering during the restoration process proportionally to the recovered functionality level. Figure 9 shows 
the effects of five different levels of PGA occurring in five different times. In particular, Figure 9a shows the 
case with the lower level of seismic event, i.e. 0.2 g. In this case, a minor shaking soon after the flood (Funct. 
1%) is sufficient for dropping the bridge functionality to zero. This is caused by a combination of a low post-
flood initial functionality, and high bridge seismic vulnerability due to the short time between the two hazards 
occurrence. For all five cases, the effect of earthquake on the resilience lowers when it occurs long time after 
the occurrence of the previous Haz-1. Figure 10 shows the second case in which earthquakes occurs after a 
flood event able to cause a scour equal to 1.5 Df. With a scour of 1.5 Df, a PGA = 0.2 g, occurring when the 
25% of the lost functionality is recovered, can cause a complete loss of the bridge functionality. Higher level 
of PGA can significantly compromise the bridge functionality even when occurring for intermediate level of 
recovered functionality. In particular Figure 10e represents the worst combination in which a high shaking 
occurs soon after (Funct. 1%) the occurrence of a significant flood. Figure 11 shows the case in which a 
significant flood occurs, causing a scour of 2.0 Df. In this case, the bridge structural capacity is severely 
compromised and also limited values of PGAs are sufficient for causing an extensive or complete damage 
state. This case represents the worst-case scenario, in which there is a significant bridge functionality drop, 
due to Haz-1 in parallel with an important increasing of the seismic vulnerability and of the recovering time 
also after the earthquake. The small influence of PGA values is clearly showed in Figure 12. Even in this case, 
the time of occurrence of Haz-2 plays and important role; indeed, the worst situation is when there is the rapid 
succession of the two hazards, while the less impacting is when Haz-2 occurs at the end of the recovery process 
from Haz-1.  Figure 12 compares the values of the resilience indexes computed for all the presented cases. In 
particular, the cases in which Haz-2 occurs after the complete recovery from Haz-1, are the less impacting 
situations in terms of resilience. Conversely, the most critical condition for the bridge is represented by the 
quick succession of the two natural events, due to the low available functionality and the high structural 
vulnerability after the exposure to Haz-1. The influence of the time that Haz-2 hits, is more evident for more 
extensive scour (Haz-1), than that for lower levels. Note that for the most significant scour, the PGA values 
have a small influence, due to the high bridge vulnerability. When comparing resilience of a structure subject 
to two possible damage sources, each one influencing the other, is thus fundamental to consider all the relative 
occurrence times. 
 
  
  
 
Figure 9. Resilience curves for the case that Haz-2 (EQ) occurs during the recovery phase after Haz-1 (FL), 
with Sc = 1 Df: a) PGA = 0.2g, b) PGA = 0.4g, c) PGA = 0.8g, d) PGA = 1.2g, e) PGA = 1.6g. 
 
  
  
 
Figure 10. Resilience curves for the case that Haz-2 (EQ) occurs during the recovery phase after Haz-1 (FL), 
with Sc = 1.5 Df: a) PGA = 0.2g, b) PGA = 0.4g, c) PGA = 0.8g, d) PGA = 1.2g, e) PGA = 1.6g. 
  
  
 
Figure 11. Resilience curves for the case that Haz-2 (EQ) occurs during the recovery phase after Haz-1 (FL), 
with Sc = 2.0 Df: a) PGA = 0.2g, b) PGA = 0.4g, c) PGA = 0.8g, d) PGA = 1.2g, e) PGA = 1.6g. 
 
 
 
Figure 12. Comparison between resulting resilience indexes for all the investigated scenarios: a) FL (Sc = 1 
Df) +EQ, b) FL (Sc = 1.5 Df) + EQ, b) FL (Sc = 2.0 Df) + EQ. 
 
CONCLUSIONS 
 
Infrastructure assets are exposed to single and/or multiple hazards throughout their lives. Loss of functionality, 
traffic and business interruption having tremendous societal impact are common consequences of transport 
infrastructure failures. Infrastructure owners and stakeholders urgently need a methodology for enabling rapid 
risk and resilience assessments that account for the nature of the hazards, their sequence, the loss of 
functionality, the recovery strategies and their rapidity, the resources and the associated losses. This paper, 
provides a comprehensive framework for the quantitative risk and resilience assessment of critical 
infrastructure, considering the factors that reflect redundancy and resourcefulness in infrastructure, i.e., (i) the 
robustness to hazard actions, based on realistic fragility curves, and (ii) the rapidity of the recovery after the 
occurrence of damages, based on realistic restoration functions. This framework essentially quantifies the 
resilience of alternative restoration strategies after multiple hazard scenarios and numerates well-understood 
behaviours and performances of the infrastructure with a unique resilience index. Thus, facilitating decision-
taking and prioritisation process within transport agencies for maximising the resilience of infrastructure.  
 
A practical application of the proposed framework was illustrated with reference to a multi-span prestressed 
reinforced concrete bridge subject to different multiple hazard scenarios considering flood and earthquakes as 
relevant hazards of interest. This application contains a number of novelties including representative failure 
modes for flood and earthquake hazards, realistic fragility and restoration functions for single and combined 
hazards and feasible restoration tasks for the two hazards and the corresponding failure modes. The resilience 
models have been developed for different multiple hazard scenarios, considering full or partial recovery of the 
bridge between the different hazards. It is obvious that the resilience of bridge experiencing smaller scour and 
earthquake events is higher, and also the resilience of bridges whose functionality has partially recovered after 
Haz-1 is greater than the one of bridges that experience a sequence of uncorrelated hazards. The value of the 
proposed framework and application is, the encapsulation of the total loss and recovery process in one index, 
which can facilitate the planning and interventions by the owners toward more resilient infrastructure.  
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